A system of 36 impinging microjets was implemented on a round jet of Mach number 0.9, and the noise reduction was studied as a function of the microinjection mass flux, the number of microjets blowing, the layout of the blowing microjets, and the microjet diameter. Depending on the microinjection flux parameters, overall jet-noise reduction varied from 0 to 1.5 dB, showing some nonmonotonic behavior due to the change between subsonic to supersonic microjet regimes. The study of the microjet layout showed that the noise reduction decreased when the microjets were too close to each other and that certain configurations of microjet pairs could be favorable; this can be related to the flow structures induced by the microjets. Spectral analysis disclosed different control mechanisms, with highfrequency regeneration for high-injection flux, local control behavior at midfrequencies, and global behavior at low frequencies. 
A system of 36 impinging microjets was implemented on a round jet of Mach number 0.9, and the noise reduction was studied as a function of the microinjection mass flux, the number of microjets blowing, the layout of the blowing microjets, and the microjet diameter. Depending on the microinjection flux parameters, overall jet-noise reduction varied from 0 to 1.5 dB, showing some nonmonotonic behavior due to the change between subsonic to supersonic microjet regimes. The study of the microjet layout showed that the noise reduction decreased when the microjets were too close to each other and that certain configurations of microjet pairs could be favorable; this can be related to the flow structures induced by the microjets. Spectral analysis disclosed different control mechanisms, with highfrequency regeneration for high-injection flux, local control behavior at midfrequencies, and global behavior at low frequencies. OISE generation by high-speed turbulent jets remains a significant research topic due to its crucial implications for the aeronautical industry. Growing air traffic and the increasing number of airports associated with ever more restrictive regulations argue for efforts to be continued on this subject. Despite experiments and numerical simulations on jets carried out over the last few decades, the fundamental mechanisms underlying the jet noise remain to be determined. For supersonic jets, noise-generation feedback loops have been satisfactorily described [1] with good agreement between theoretic and experimental data for pure-tone noise. Jet-mixing noise, on the other hand, which occurs in both supersonic and highsubsonic jets, remains a challenge.
Considerable noise reduction was achieved by using high-bypass ratio engines in the early 1970s. Since then, considerable efforts have led to the currently implemented solution based on serrations in the nozzle exit called chevrons. Chevron effects were notably described in [2] [3] [4] , with an evaluation of the thrust loss due to this passive device which provides nonnegligeable cumulative effects on long trips. To limit the thrust penalty, control systems have to be activated only when needed. Shape-memory alloy hybrid composite chevrons suggested by [5] , as well as fluidic systems, meet this specification. A fluidic system made of impinging microjets was applied to supersonic jets [6] [7] [8] , high-subsonic jets [9] [10] [11] , and a separate flow exhaust system [12] . In this case, the benefits of such a system consist in reduced turbulence in the mixing layer and noise reduction for all angles of directivity. The magnitude of the reduction depends on the jet Mach number, M j , and on microinjection parameters to the sensitivity of which the subtle modifications in the turbulence or noise reduction reported for high-subsonic jets [9] [10] [11] can be attributed. A parametric survey covering the range of all the previous studies is therefore of great interest, notably to determine the physical mechanisms involved in turbulence and noise reduction. The present study focused on the effect of microjet system parameters on the acoustic far field. These parameters were investigated by using different microjet configurations, varying injected mass flux, and the number, layout, and diameter of microjets. facility and the location of the microphones are given in Fig. 1 . The jet, of diameter D 50 mm, was powered by a centrifugal compressor of 450 kW with a maximum mass flux of 1 kg s 1 . After compression, the air was electrically heated by a set of resistances with a total power of 80 kW to maintain the temperature of the expanded jet close to room temperature. The study focused on a jet at a Mach number based on the ambient speed of sound c 0 of M j 0:9.
The control system comprised up to 36 microjets directed towards the jet centerline and impacting the jet with a 0 deg yaw angle. Two sets of microjets were used. The first comprised 36 straight brass tubes of 1 mm exit diameter (Fig. 2a) . The second set comprised 18 brass tubes with removable nozzles of different diameters (Fig. 2b) and was used only to study the effect of microjet diameter. Each type of microjet was calibrated on a separate bench, measuring the total pressure and the injection mass flux. The uniformity of the microjets in terms of mass flux was checked.
The microjets were fed by a piston compressor connected to a relief valve and two pressure distributors feeding 18 microjets each. The static pressure in each distributor was monitored with a 0-60 PSI Honeywell XCA460an pressure sensor to ensure a given mass flux through the microjets.
Noise spectra were obtained with two B&K 4192 1/2 in. microphones and a B&K Nexus power supply connected to a PXI-1006 spectrum analyzer with PXI-4472 acquisition cards working at a sampling rate of f e 81; 920 Hz. Spectra resulted from averaging 400 samples of 16,384 points each. Overall sound pressure levels (SPL) were computed by integrating the spectra from f 1 The microjets were set at the nozzle exit, a previous study [13] having indicated that maximal noise reduction was obtained by minimizing the distance between the nozzle exit and the location of the microjet impingement on the jet-mixing layer. The microjets were set to impinge on the main jet-mixing layer with a fixed angle of 45 deg, a characteristic value in the range of tested, within which no significant differences were found. The microjets were spaced every 10 deg around the main jet circumference so that the maximum number of blowing microjets was 36. According to previous studies [13, 14] , the typical high-subsonic jet-noise reduction obtained with microjets is of the order of 1 to 2.5 dB, and the difference in noise reduction between two given microjet configurations is typically 0.2 dB. The parametric approach proposed here is thus relevant only if measurement repeatability is less than this typical value, which implies extreme care with regard to measurement conditions.
In the present experiments, the uncertainty (less than 2 C) associated with the jet temperature was determined by using two different thermocouples; the jet Mach number uncertainty (less than 5:10
3 ) was estimated by monitoring static pressure and total temperature in the final duct, upstream of the nozzle exit. In studying a given parameter, one measurement of the reference jet noise was made for every three controlled jet-noise acquisitions. The standard deviation for the reference jet measurements integrated noise measurement uncertainty and the effect of variations in jet exhaust conditions. The typical standard deviation of the sound pressure level variation during one reference jet test was 0.02 dB for 90 deg and 0.04 dB for 30 deg, which perfectly meets specifications. In the controlled cases, similar measurements were made and the standard deviation was similar to or slightly higher than that for the reference jet. As the results are presented here in terms of differences in SPL, the uncertainty was consequently estimated to be less than 0.2 dB, meaning that the results may be exploited with confidence. In any case, comparison between the various configurations was based on the assumption that noise reduction was unaffected by slight changes in reference jet SPL. Note that the noise spectra measured for the injection jets alone exhibited a spectral level substantially lower than that for the main jet, whether controlled or not.
The spectra, usually presented in terms of power density spectrum Sf, are given here in terms of frequency-weighted spectrum fSf to facilitate comparison between reference and controls. Figure 3 presents the two spectrum formalisms applied to the reference jet noise validated against other reference data [15] . Figure 3b has the advantage of having linear coordinate scales enabling quick visual estimation of the frequency range contributing to the noise reduction as explained in [13] . Noise reduction in the frequency domain can then be considered by comparing the frequency-weighted spectra of the reference and controlled jets.
Effect of Injected Mass Flux
The 18 microjets used in this section are illustrated in Fig. 2a . The mass flux per microjet was varied by changing the upstream pressure by means of the pressure regulator. Monitoring the static pressure in the pressure distributor ensured a mean variation in injected mass flux during acquisition of less than 1%. The injected mass flux is considered below in terms of the ratio r m between the mass flux injected by one microjet and the main jet mass flux. Figure 4 gives the SPL reduction generated by the 18 microjets as a function of r m for 30 deg and for 90 deg. For the two angles, the overall trend was towards increased SPL reduction with the massflux ratio; a local maximum was also observed at r m 3:4 10 4 , followed by a local minimum at about r m 5 10 4 , after which the SPL reduction increased monotonically with mass flux in the mass-flux range considered in the present study.
We first compared the configurations on either side of the local maximum that gave the same SPL reduction for 30 deg. The corresponding mass-flux ratios were r Fig. 4 . Figure 5 gives the frequency-weighted spectra fSf corresponding to the reference jet and three values of mass-flux ratio for 30 deg and 90 deg. For 30 deg (Fig. 5a ), the (Fig. 5b) , the SPL was largely composed of contributions from the midfrequency range for which the same trend as for 30 deg was observed. This explains the greater noise reduction obtained for r Fig. 4 . The corresponding spectra given in Fig. 6 reveal that the greatest spectral reduction in the low-frequency range for 30 deg or in the midfrequency range for 90 deg was achieved by the configuration with the highest mass-flux ratio (r 8 m ). Greater noise regeneration was also observed in the high-frequency domain, in particular for 90 deg. This resulted from the interaction between the main jet-mixing layer and the microjets at the impact location. The early jet-mixing layer radiating high-frequency noise owing to its limited radial extension underwent profound structural modification with the use of the control, as shown by preliminary cross-field velocity measurements (Fig. 7) ; in particular, at high r m values, high levels of turbulence intensities due to strong interaction between the microjets and the jet-mixing layer may have induced high-frequency noise. In this case, SPL reduction was limited for 
Effect of Number of Microjets
Different numbers of microjets (from 3 to 36) were tested. Figure 8 illustrates the configurations with an axisymmetric microjet distribution. The configuration in which all the microjets were blowing, not represented in Fig. 8 , was also tested. The microjet diameter was 1 mm. Figure 9a presents the evolution of SPL reduction with the number n of microjets blowing, for a mass-flux ratio r 3 m 2:7 10 4 per microjet, with 30 deg and 90 deg. Reduction was maximal for n 18, so that for 30 deg the configuration with n 36 gave an SPL reduction very close to that obtained with n 6. Moreover, the SPL reduction increased approximately linearly with the number of microjets between n 3 and 18. Finally, the noise reduction obtained for n 9 was of the same order of magnitude as that obtained by Alkislar et al. [10] under similar conditions (eight microjets, microjet diameter of 0.8 mm, microjet Mach number M j 1:5, main jet Mach number M 0:9, yielding r m 2:2 10 4 ). The spectra related to n 6, 18, and 36 for 30 deg are given in Fig. 9b . This illustrates that the observed low-frequency reduction directly provided the SPL reduction shown in Fig. 9a given that most of the acoustic energy was contained in this frequency range. The spectra related to n 6 and 36 were found to be almost identical. Similarly, for 90 deg, the low-frequency noise reductions (typically at St D 0:2) obtained with the configurations of n 6 and 36 microjets were very close; in the midfrequency range, the efficiency of the configuration with n 36 microjets was higher. A remarkable high-frequency noise reduction was obtained with n 36 microjets, balancing the midfrequency efficiency of the configuration with n 18 microjets, so that the SPL reductions given by these two configurations were very close.
The change in the noise reduction behavior for n > 18 correlates with the distance between two consecutive microjets. Preliminary velocity cross-field measurements, illustrated in Fig. 10 , indicated that the mean velocity field was regularly corrugated for n 18 with the corresponding spatial frequency of impingement, which was not the case for n 24 or n 36. In these two configurations, the excessively close microjets interacted, which may have limited impact on large-scale structures near the end of the potential core and altered the scale of generated structures affecting both low-frequency noise attenuation and high-frequency regeneration. Figure 11 shows the evolution of SPL reduction with mass-flux ratio r m for the entire range of n tested. The linear evolution of SPL as n varied from 3 to 18, as illustrated in Fig. 9a for r 4 . For n above 18, more complex behavior was observed and can be attributed to interaction between consecutive microjets.
Similar trends were also observed in the evolution of noise reduction with r m for systems of less than 18 microjets. In particular, a change in noise reduction behavior was observed at the same r m value of 3:10 4 as described in the preceding section. Therefore, the physical mechanisms responsible for this result were not accounted for by interaction between two consecutive microjets.
Effect of Microjet Distribution
Different asymmetrical microjet layouts (see Fig. 12 ) were tested to investigate the directivity of the noise reduction. The number of blowing microjets could also be varied.
A first set of experiments considered the geometrical layout of the microjets with respect to the microphones. Figure 12 illustrates four positions of nine microjets with progressive rotation by =2. In configuration 12a, the microjets were near to and in configuration 12c away from the microphone. Treating only one part of the main jet could be considered in aeronautic applications. For example, the area treated could be the lower half of a jet on a plane during takeoff to reduce direct noise perceived on the ground.
The SPL reductions provided by the four configurations shown in Fig. 12 are given in Table 1 for angles 30 deg and 90 deg. The SPL reductions obtained were very close, the differences being below the measurement precision threshold. This was true whatever the angle of observation or injected mass-flux ratio. It can therefore be said that there was no significant directive effect in the SPL reduction provided by the microjets.
Given that there were no significant directive effects of microjet layout on SPL reduction, a second set of experiments was performed to investigate the effect of the microjet distribution within the jet circumference. Table 2 compares the mean SPL reduction provided by the four configurations of Fig. 12 , and 1) by 9 ( Fig. 8c) and 2) 18 equally distributed microjets (Fig. 8e) . The latter configuration can be seen as the simultaneous use of the configurations 12a and 12c.
The SPL reduction obtained with the equally distributed 9-microjet configuration was larger than with the consecutive 9-microjet configuration, for all values of r m tested, confirming the interaction effect between two consecutive microjets discussed in the preceding section. Comparing the results for the consecutive 9-and 18-microjet configurations shows that SPL reduction was doubled by doubling the number of microjets at both 30 deg and 90 deg. As all other parameters, including the distance between two consecutive microjets, remained unchanged between these two configurations, this may be taken as illustrating the additive effect on SPL reduction of the longitudinal structures generated by the microjets.
Effect of Microjet Diameter
The microjet system used in this set of experiments is illustrated in Fig. 2b . Each microjet was made of a brass tube with a threaded ending, which allowed nozzles of different diameters to be attached. This setup ensured that the geometrical settings remained unchanged between the various tests. The diameters studied were 0.7, 1, and 1.3 mm. Figure 13a plots noise reduction against mass-flux ratio per microjet for 30 deg. Each curve corresponds to a given microjet diameter d. The results obtained for 90 deg, not represented, were identical to those for 30 deg. It can be observed that the SPL reduction increased overall with r m with a local maximum, the location of which depended on the microjet diameter. It is difficult to compare the three diameters as such because the best configuration in terms of SPL reduction depended on the r m value considered. We therefore sought a more appropriate parameter than r m . Comparison between the microjet diameters in terms of SPL reduction can also be seen to be more meaningful with the representation involving r p ; for a given r p value, noise reduction increased with microjet diameter confirming the importance of mass flux per microjet for noise reduction.
Conclusions
An experimental investigation of jet-noise reduction by impinging microjets was carried out in an anechoic facility focusing on four microinjection system parameters. An optimal configuration for Table 2 SPL reduction given by asymmetrical and axisymmetrical microjet configurations with n 9 microjets (Figs. 12 and 8c) and n 18 microjets ( (Figs. 12a-12c ) 0.5 0.6 0.5 0.6 0.5 0.55 9 axisymmetrical (Fig. 8c) 0.65 0.8 0.75 1.0 1.0 0.9 18 axisymmetrical (Fig. 8e) 1.0 noise reduction could be determined, but depended on whether control cost or noise reduction is the decisive objective. Sound pressure level reduction increased overall with injected mass flux per microjet with a local maximum emerging in this trend. Adapted scaling of the data revealed this typical behavior to be linked to flow transition from a subsonic microjet to a supersonic microjet, critical conditions being obtained at the microjet nozzle. High-injected mass-flux values were found to promote high-frequency noise generation corresponding to the interaction between the microjets and the jet-mixing layer, which is linked to the modification of the turbulence structure in the early jet development. Modifying the microjet layout, for a given number of microjets and a given mass-flux per microjet, showed no significant azimuthal directivity of the noise reduction. An overall effect of the microjets in the low-frequency range and a local effect for higher frequencies was observed. This result should be taken into account when adapting microjets to a full-scale engine.
The maximum noise reduction was not obtained by using a maximum number of microjets because the modification of coherent structures in the flow resulted from a combination of the spacing, diameter, number, and velocity of the microjets. A characteristic dependence of noise reduction on microjet mass flux was obtained with configurations involving different numbers of blowing microjets. Configurations with paired microjets seemed to be particularly efficient. Flow measurements by stereoscopic particle image velocimetry are currently under study to investigate the formation of longitudinal structures and the dependence of microjet configurations on these structures. 
